Scheme8.Wittig reaction between [Ph 3 PCH 3 ][CH 3 OCO 2 ] 1 and ketones 2i-j [a] molarr atio 1/ketone = 1.1 [b] molar ratio 1/ketone = 3. Conditions:808C, 1a tm. N 2 ,5mL 2Me-THF;conversiona sd etermined by GC.
The Inside Back Cover picture shows the concept of a simplified vinylation protocol. A new all-in-one Wittig reagent was developed. Mixed with an aldehyde or a ketone, this phosphonium salt yields the corresponding vinyl derivatives very efficiently simply upon heating in a solvent (no base, no halides, and no inorganic byproducts). Deuterium exchange experiments allowed the synthesis of deuterated olefins and, coupled to XRD studies, explanation of the nature and reactivity of this reagent. Simple green metrics indicate that this phosphonium salt is more efficient for vinylation than existing reagents. More details can be found in the Communication by Cattelan et al. (DOI: 10.1002/ cssc.201500935).
Methyltriphenylphosphonium Methylcarbonate, an All-In-One Wittig Vinylation Reagent
Lisa Cattelan, [a] Marco No, [a] Maurizio Selva, [a] Nicola Demitri, [b] and AlviseP erosa* [a] The methyltriphenylphosphonium methylcarbonate salt [Ph 3 PCH 3 ][CH 3 OCO 2 ] , obtained directly by quaternarization of triphenylphosphine with dimethylcarbonate, is al atent ylide that promotes Wittig vinylation of aldehydes and ketones.A lkenes are obtained simply by mixing [Ph 3 PCH 3 ][CH 3 OCO 2 ]a nd the carbonyl and heating in as olvent( no base, no halides, and no inorganic byproducts). Deuterium exchange experiments and the particularly short anion-cation distance measured by XRD in [Ph 3 PCH 3 ][CH 3 OCO 2 ]a llowed to explain the nature and reactivity of this species. Green chemistry metrics (atom economy,m ass index,e nvironmental factor)i ndicate that this vinylation procedure is more efficient than comparable ones. Deuterated [Ph 3 PCD 3 ][CH 3 OCO 2 ]p romoted the synthesis of deuterated olefins.
While its mechanism is still an open topic, [1] the Wittig reaction [2] is widely applied in both the academic [3] and industrial [4] sectorsf or the olefination of carbonyl substrates, including formaldehyde, [5] aldehydes, [6] and ketones. [7] Even so, the Wittig reactions uffers from an umber of shortcomings, summarized in Figure 1 .
In particular, ap rimary issue is the reaction'sl ow atom economy (AE), [8] due to the unavoidable formation of phosphine oxide. [9] Ac atalytic alternative, based on in situ reductiono f the phosphine oxide with as ilane, [10] still suffers from the coproduction of stoichiometrica mounts of waste, although lifecycle analysis (LCA) of the process seem to indicatet hat it is more efficient than traditional procedures. [11] As econd issue is related to the need for organic solvents;t his has met with only partial solutions through the use of water, [12] biphasic systems, [13] ionic liquids, [14] and solvent-free conditions. [15] The third drawback of the Wittig reaction is the need for alkyl halides in the preparation of the phosphonium, [16] along with the necessity of an external base to generate the ylide. This leads to stoichiometrica mounts of halide salts that require separation and disposal. To the best of our knowledge,t here are no reports on halide-and base-free Wittig reactions. Likewise, other direct procedurestoconvert ac arbonyl into am ethylene group involve complex and expensive reagents such as Te bbe's complex, whichisw ater-and air-sensitive. [17] We have previously established the halide-free synthesis of phosphoniuma nd ammonium ionic liquids using dimethylcarbonate( CH 3 OCO 2 CH 3 ,D MC) as ag reen methylating agent. [18] The resulting compounds have the structure [R 3 QCH 3 ] [CH 3 OCO 2 ]( Q= N, P) and behave as very efficient basic organocatalysts. [19] This catalytic behaviorw as explained by acooperative double activation mechanism of the substrate. [20] Considering the structures of these methyl-phosphonium compounds from ad ifferent perspective (Scheme 1, left box) [18] suggestst hat they incorporate both the basic and phosphonium moieties indispensable for the preparation of phosphorous ylides.W et herefore imagined that the methylcarbonate anion might be able to generate the ylide in situ, as shown in Scheme1,a nd thus give access to an ew Wittig vinylation protocol.
Because methyltriphenylphoshponium is one of the most commonly reported Wittig ylide precursors, we started by developingi ts synthesis by methylation of triphenylphosphine (TPP) with DMC as ag eneralization of our previousr esultsw ith trialkylphosphines (Scheme 2). [18] Optimization of the reaction (Figure 2 ). The crystal structure of 1 ( Figure 2 ) highlighted as hort distance between the methylcarbonate oxygen and the PÀCH 3 methyl group (3.174 a t1 00 K), suggesting significant hydrogen-bondingi nt he solids tate. [21] Comparison with the distances between the PÀCH 3 methylg roup and the anion in other [Ph 3 PCH 3 ][X] salts (Supporting Information, Table S1 and references therein)f urther supports this peculiar proximity.T his offers strong evidencef or the possibility of "counterion mediated" deprotonation, as hypothesized in Scheme 1, and therefore in favor of the existence of al atent ylide ablet op romote Wittig olefination. Figure S7 ). Instead, the same spectralregion collected in CDCl 3 as solvents howed atime-dependentd isappearance of the PÀCH 3 protons signal (Figure 3 ). This disappearance is attributed to hydrogen-deuterium exchange between the PÀCH 3 protons (pK a > 20) in 1 and deuterium in CDCl 3 (pK a = 25), in analogy to other studies [22] and with the methylcarbonate anion acting as the base. [23] H/D exchange was furthers upported by treating the phosphonium 1 with a1 5-foldm olar excess of CDCl 3 that yielded quantitatively (1.34 g) the deuterated analog [Ph 3 PCD 3 ] [CH 3 OCO 2 ] 1-d 3. The equilibrium postulated in Scheme 1t riggers complete H/D exchange by successive steps (Scheme 3), in analogy to what wasp reviously described for hindered phosphoranes. [22, 24] Othersh ave explained as imilarc arbonateinduced deprotonation of ap hosphonium by invoking ap recedingd ecarboxylation of the alkylcarbonate. [23b] In our opinion, the available data points towards deprotonation occurring first. In the reverse process, 1-d 3 was dissolved in CHCl 3 to yield 1 back again.
Next, benzaldehyde 2a was chosen as the model carbonyl substrate to test the Wittig olefination with 1. [25] Prescreening of different solvents (Supporting Information, Figure S3 ) indicated that in biobased 2Me-THF [26] the reaction was extremely effective both in terms of conversion and selectivity,n otwithstandingt hat 1 is only sparingly soluble in all the tested solvents. By simply mixing 1 and 2a at the reflux temperature of 2Me-THF (80 8C), total conversion of benzaldehyde 2a to yield styrene was observed after 20 min, with 100 %s electivity (Scheme 4).
The scopeo ft his procedure wase xtended by reacting as eries of aldehydes( 4-nitro-benzaldehyde, 2b;4 -chloro-benzaldehyde, 2c;4 -methoxy-benzaldehyde, 2d;p iperonal, 2e; furfural 2f,1 -decanal 2g;3 -phenylbutanal 2h)w ith 1 in 2Me-THF to obtain the corresponding vinyl derivatives 3b-3h (Scheme 5). 
Scheme4.Wittig reaction between benzaldehyde and [Ph 3 PCH 3 ][ CH 3 OCO 2 ]
1.
ChemSusChem 2015, 8,3963 -3966 www.chemsuschem.org Reactivity followed the order 2d! 2g< 2h< 2e< 2f< 2a< 2c< 2b. Aromatic aldehydes with electron-withdrawing groups (EWGs) reacted faster than ones with electron-donating groups (EDGs) and aliphatic aldehydes required longer reaction times. Notably,a liphatic aldehydes 2g and 2h did not show any competing aldol-type condensation reactions despite the basicity of 1.T oc onfirm the mass balance as electiono fp roducts including4 -NO 2 -styrene 3b,m ethylene-dioxystyrene 3e, 1-undecene 3g and 3-phenyl-pent-1-ene 3h were isolated, purified, fully characterized, and obtainedi n9 4%, > 98 %, 78 % and 87 %y ields, respectively.
Methylene-dioxystyrene 3e,ap harmaceutical intermediate, [26] was selected to compare the efficiency of the present protocolw ith classic Wittig ones. The reported synthesis of 3e involves the Wittig reaction of [Ph 3 PCH 3 ][X] with BuLi at 0 8C followed by the addition of piperonal 2e.I no ur case, by simply mixing 1 and 2e in 2Me-THF and heating at reflux, > 98 %i solated yield of methylene-dioxystyrene 3e was obtained on am ultigram scale (~3g,2 0mmol), withoutf ormation of halide salts (Scheme 6).
In order to take as napshot of the potential environmental impact,w et hen compared the efficiency of our protocol with three existing methods for the synthesis of 3e by using simple green chemistry metrics: [28] AE, [29] environmental factor (EF), [30] and mass index (MI). The results are listed in Ta ble 1.
AE is always low duetot he formation of triphenylphosphine oxide (TPPO), nonethelesso ur procedure is still slightly more atom efficient (29.5 %) due to the absence of halidesa nd of added base. Sheldon's EF is favored in Aslam's procedure due to as taggering 97 %y ield using purely stoichiometric amounts (1.0 equiv) of phosphonium salt and BuLi. On the contrary,t he MI of our protocol wass ignificantly more advantageous (9.60) than the other three (15.70-19.31) . This was due to the very high conversion and selectivity achieved with al ow amount of solvent( 2e/2Me-THF = 0.150 gmL À1 )t hat also favoredt he reaction rate. In all cases, chromatography solvents were not includedi nt he calculation.
Ac omplete evaluationi nt erms of efficiency and environmental impact would require af ull life-cyclea nalysis( LCA), as was shown elsewhere. [11] However,t he complexity of such an investigation is meaningful for specific industrial processes, and is therefore rather beyondt he scope of the present work.
With deuterated [Ph 3 PCD 3 ][CH 3 OCO 2 ] 1-d 3 in hand, we applied our protocol to the synthesis of 2,2-dideutero-methylenedioxystyrene 3e-d 2 ,w hich was obtained in 75 %y ield and 90 % isotopicpurity (by NMR) (Scheme 7).
The scope of the new Wittig vinylation reaction was further expanded by testing the reactivity of 1 with two representative ketones:a cetophenone 2i and benzophenone 2j.T he results are summarized in Scheme 8. The vinylation of ketones required to increase the molar ratio 1/ketoneu pt o3i no rder to achieve 100 %c onversion and 100 %s electivity towardt he desired products (Scheme8). Athird representative ketone, cyclohexanone, did not undergo Wittig olefination, affording only unidentifiable acyclicproducts.
In summary,t he phosphonium salt 1-prepared by ah alidefree procedure-is alatentylide abletoperform Wittig-type vinylation reactions simply by heating it at reflux with av ariety of carbonyls. The solvento fc hoice was biobased2 Me-THF,b ut Scheme6.Synthesis of 3e from piperonal 2e in the presence of 1. Scheme7.Preparation of deuterated 3e-d 2 by reaction of 2e with 1-d 3 .
ChemSusChem 2015, 8,3963 -3966 www.chemsuschem.org the reactionw as shownt op roceed also in dimethylcarbonate (DMC),E tOAc, cyclopentylmethyl ether,t oluenea nd in a2 Me-THF/EtOH mixture. The absence of halidest hroughout the whole process guaranteed the lack of formation of inorganic halide salts. The vinylation productsw ere isolated from the crude reactionm ixture by as imple filtration over silica to remove triphenylphosphine oxide (TPPO) and residual 1.S ynthesis of deuterated 1-d 3 confirmed formation of the ylide intermediate through "counterion-mediated" deprotonation and allowed us to prepared euterated olefins using CDCl 3 as an inexpensive and readily availabled euterium source. The straightforwards ynthesis of 1 and its simple handling should enable the use of this new vinylation reagent in academic and industrial research andd evelopment laboratories, as well as in advancedteaching laboratories.
